Objective-The mechanisms responsible for maintaining the differentiated phenotype of adult vascular smooth muscle cells (VSMCs) are incompletely understood. Reactive oxygen species (ROS) have been implicated in VSMC differentiation, but the responsible sources are unknown. In this study, we investigated the role of Nox1 and Nox4-derived ROS in this process. Methods and Results-Primary VSMCs were used to study the relationship between Nox homologues and differentiation markers such as smooth muscle ␣-actin (SM ␣-actin), smooth muscle myosin heavy chain (SM-MHC), heavy caldesmon, and calponin. We found that Nox4 and differentiation marker genes were downregulated from passage 1 to passage 6 to 12, whereas Nox1 was gradually upregulated. Nox4 co-localized with SM ␣-actinbased stress fibers in differentiated VSMC, and moved into focal adhesions in de-differentiated cells. siRNA against nox4 reduced NADPH-driven superoxide production in serum-deprived VSMCs and downregulated SM-␣ actin, SM-MHC, and calponin, as well as SM-␣ actin stress fibers. Nox1 depletion did not decrease these parameters.
S mooth muscle cells (SMCs) from the media of adult blood vessels exhibit a highly specialized, differentiated phenotype whose function is contraction and regulation of blood vessel diameter. 1 They express a unique repertoire of contractile proteins to support this function, such as smooth muscle myosin heavy chain (SM-MHC), smooth muscle ␣-actin (SM ␣-actin), heavy-caldesmon (H-caldesmon), and calponin. 1 In contrast, SMCs from neointima of diseased blood vessels are less differentiated, and express low levels of these marker proteins as well as different isoforms of myosin or actin as their function changes toward a more synthetic, proliferative state. 2 The switch from the differentiated phenotype to the less differentiated, proliferative state is triggered by changes in local environmental cues, such as an increase in mitogenic cytokines, but the factors involved in the maintenance of the differentiated state are less understood.
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Reactive oxygen species (ROS) are involved in promoting pathophysiological events, such as proliferation and migration of SMCs, 3 as well as physiological processes, such as contraction and differentiation. 4, 5 A major source of ROS is NAD(P)H oxidases, of which 2 forms are present in rodent vascular SMCs (VSMCs). The Nox1-based oxidase consists of 2 membrane-bound components, Nox1 and p22phox, and regulatory cytosolic components, p47phox, NoxA1, and Rac1. 6 The Nox4-based oxidase consists of Nox4 and p22phox, but it appears not to require known cytosolic subunits. 7 Nox1 has been shown to promote proliferation, 8, 9 whereas the role of Nox4 in SMCs is not yet elucidated. It has been suggested that Nox4 is responsible for baseline ROS production, 10, 11 and previous studies found a correlation between Nox4 and some differentiation markers of VSMCs. 12, 13 Moreover, a recent study performed in fibroblasts showed that Nox4 mediates transforming growth factor (TGF)-␤1-induced differentiation of fibroblasts into contractile myofibroblasts. 14 These lines of evidence suggest that Nox4-derived ROS may be required for the maintenance of the differentiated phenotype of VSMCs. To test this hypothesis, we isolated primary VSMCs from rat aorta and studied the relationship between Nox1, Nox4 and differentiation markers. We found that Nox4 correlates with smooth muscle differentiation markers in vivo and in vitro, and that it is necessary for differentiation marker gene expression.
Materials
Rabbit polyclonal antibodies anti-nox4 and anti-nox1 were kind gifts from Dr David Lambeth (Emory University) and Dr H.H.H. Schmidt (University of Melbourne), respectively, and were characterized previously. 15, 16 Cell Culture VSMCs were isolated from male Sprague-Dawley rat (Harlan Sprague-Dawley, Prattville, Ala) thoracic aorta by enzymatic digestion and grown in Dulbecco's modified Eagle's medium (DMEM) with 25 mmol/L HEPES and 4.5 g/L glucose as described previously. 17 Cells at passages 1 and 2 (early passage) were used as a model of the differentiated phenotype, whereas late passage cells (passages 6 to 13), were used as a model of the proliferative phenotype as described previously by others. 18, 19 
RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction
Total RNA was purified from cells using the RNeasy kit, as recommended by the manufacturer. Quantitation of nox1, nox4, 18S rRNA, SM ␣-actin, SM-MHC, H-caldesmon, and calponin was performed by amplification of rat VSMC cDNA using the LightCycler (Roche) real-time thermocycler. Copy number was calculated by the instrument software from standard curves of genuine templates.
Immunoblotting
VSMCs were lysed in the presence of 1% Triton X-100 as described previously, 15 and lysates were separated into Triton-soluble and insoluble fractions by centrifugation. Fractions were separated using SDS-PAGE and transferred to nitrocellulose membranes, blocked, and incubated with primary antibodies. Proteins were detected by ECL. Band intensity was quantified by densitometry of immunoblots using Image J.
siRNA Design, Synthesis, and Transfection
Rat aortic SMCs were trypsinized and plated at 30% confluence 24 hours before transfection. siRNA-oligofectamine complexes were then incubated with the cells for 24 hours. Subsequently, cells were washed and placed in serum free OPTI-MEM for an additional 6 to 7 days to achieve an efficient downregulation of the protein. To control for possible nonspecific effects of siRNAs, multiple control siRNAs were used: sequence specific Nox4 scrambled, siLuc (siRNA against luciferase) and the universal negative control siRNA#3 (Ambion). A second siNox4 sequence was used in some experiments and gave similar results.
Preparation of Recombinant Adenoviruses and Infection of VSMCs
Antisense Nox1 adenovirus (AdASNox1) and antisense Nox4 (AdASNox4) were prepared as described previously. 9 GFP-tagged Nox4 adenovirus (AdNox4) was prepared using the same protocol after excision from a plasmid kindly provided by P. Hordijk (University of Amsterdam). VSMCs were infected for 2 hours with recombinant adenovirus in serum free culture medium, and incubated for another 4 days in the same medium without virus before harvesting for protein extraction.
Immunofluorescent Histochemistry
Carotid arteries from rats were harvested at different time points after injury and prepared for histochemistry as described previously. 13
Immunofluorescent Cytochemistry
VSMCs on glass coverslips were processed as previously described. 15 Cells were incubated with anti-Nox4 antibody as before, 15 antibodies for differentiation marker proteins, or phalloidin (for total filamentous actin) for 1 hour at room temperature, and then incubated with either fluorescein isothiocyanate-conjugated, Rhodamine Red X-conjugated, or Cy5-conjugated secondary antibodies for 1 hour at room temperature. Fluorescence was visualized with a Zeiss LSM 510 confocal microscope. Controls with no primary antibody showed no fluorescence labeling and single label controls were performed in double labeling experiments.
NAD(P)H Oxidase Activity Assay Using Electron Spin Resonance
VSMCs were harvested and resuspended in phosphate buffer containing protease inhibitors. Cells were sonicated and the membrane pellet was resuspended in electron spin resonance buffer. Electron spin resonance spectroscopy using 1-hydroxy-3-carboxy-pyrrolidine (a nitrone spin trap) and 200 mol/L NADPH was used for quantitative measurements of O 2⅐
Ϫ production as described previously. 14 Superoxide dismutase (50 U/mL) added directly to the sample inhibited 95% to 98% of CP⅐ production.
Detection of Intracellular Superoxide Using High-Performance Liquid Chromatography
To evaluate intracellular production of superoxide, the formation of oxyethidium from dihydroethidium was measured using highperformance liquid chromatography analysis as recently reported. 14 Hydroxyethidium was expressed per mg protein. In some studies polyethylene glycol-SOD (50 U/mL) was added overnight. Polyethylene glycol-SOD inhibited the dihydroethidium signal by 60% to 70%.
Statistical Analysis
Results are expressed as meanϮ standard error of mean (SEM). Statistical significance was assessed by using 1-way ANOVA using Origin software version 4.1. A value of PϽ0.05 was considered to be statistically significant.
Results

Correlation of Nox4 and Differentiation Markers In Vivo
Previous work by Szöcs et al 12 suggested a correlation between Nox4 and the differentiation marker calponin in rat carotid artery injury. The expression of both Nox4 and calponin increased only in the late stage of neointimal formation, when re-endothelization and re-differentiation of VSMCs occur. 20 This system thus provides a model for monitoring the process of SMC differentiation in vivo. To examine the correlation between Nox4 and re-expression of one of the most specific markers of differentiation for VSMCs, SM-MHC, we performed double label immunohistochemistry for Nox4 and SM-MHC on frozen sections of rat carotid arteries harvested at 7, 10, and 15 days after injury. Similar to calponin, the SM-MHC protein starts to appear in the neointimal cells at 10 days, with a prominent expression at 15 days ( Figure 1 ), whereas Nox4 expression in neointima is detectable at 7 days, gradually increases at 10 days, and reaches a maximum by 15 days (Figure 1 ). The increase in Nox4 precedes the appearance of both calponin and SM-MHC, suggesting that Nox4 may be involved in the redifferentiation process of neointimal VSMCs.
Characterization of VSMC Differentiation State In Vitro
To investigate a causal relationship between Nox4 and VSMC differentiation, we used an in vitro system in which we compared differentiation marker expression in early and late passage VSMCs. 18, 21 As previously noted, even shortterm culture of VSMCs reduces smooth muscle differentiation markers compared with aorta (ref. 2 and Figure 2 ). As shown in Figure 2 , however, early passage (1-2) VSMCs still express significantly more SM-MHC, H-caldesmon, calponin, and SM ␣-actin mRNA and protein than late passage (6 -13) VSMCs. Therefore, we used these 2 culture conditions as representative of differentiated and dedifferentiated VSMC phenotypes.
Nox4, but not Nox1, Correlates With Differentiation In Vitro
To gain insight into the relationship between nox homologues and cell phenotype, we analyzed nox mRNA expression by real-time polymerase chain reaction in both differentiated and dedifferentiated VSMCs. Nox4 and Nox1 had opposite patterns of expression: Nox4 was high in early passage cells and decreased as the cells dedifferentiated, whereas Nox1 was expressed at low levels in early and increased in high-passage VSMCs ( Figure 3A ). Western blot analysis of VSMC lysates confirmed these findings, showing a 50% decrease in Nox4 protein expression in late compared with early passage cells ( Figure 3B ). Of importance, Nox4 protein expression correlated strongly with that of the differentiation markers SM ␣-actin (rϭ0.999, PϽ0.0001), calponin (rϭ0.998, PϽ0.0001), H-caldesmon (rϭ0.995, Pϭ0.0003), and SM-MHC (rϭ0.989, Pϭ0.0013) over multiple passages. As further confirmation of the correlation between Nox4 and differentiation marker genes, we also examined Nox4 and calponin expression in passaged VSMCs deprived of serum for 6 to 7 days, another model of VSMC differentiation. 4 As shown in supplemental Figure I, serum deprivation increased both Nox4 and calponin expression, supporting this correlation.
Nox4 is the Nox homologue responsible for basal ROS production in these cells. 11 Therefore, we analyzed superoxide production in serum-deprived early and late passage cells using dihydroethidium-high-performance liquid chromatography. Figure 3C shows that differentiated VSMCs produce more basal superoxide than dedifferentiated cells. Together with Figure 2 , these data show that Nox4, but not Nox1, correlates with differentiation marker expression and constitutive superoxide production in differentiated VSMCs.
Localization of Nox4 on SM ␣-actin-Based Stress Fibers and in Focal Adhesions
Because previous work demonstrated that subcellular localization of oxidases is important in determining their func- tion, 15 we investigated the localization of Nox4 in both phenotypes by immunofluorescent cytochemistry, using a specific antibody for Nox4, which we characterized previously. 15 Nox4 localizes to focal adhesions and nuclei in dedifferentiated VSMCs ( Figure 4A , lower panels). In contrast, differentiated VSMCs show a prominent distribution of Nox4 along SM ␣-actinbased stress fibers, as shown in yellow in the merged panel of Figure 4A . This localization pattern disappears early in the dedifferentiation process that normally occurs in culture, being undetectable by passage 3 (data not shown). Therefore, we compared Nox4 localization with that of more specific differentiation markers, such as SM-MHC, H-caldesmon, and calponin. Figure 4B illustrates that Nox4 appears along stress fibers only in those cells expressing these differentiation markers for SMC lineage at the highest levels, suggesting that this localization is a distinctive characteristic of the most differentiated phenotype of VSMCs.
Nox4 Is Required for the Expression of Differentiation Markers
After establishing a correlation between Nox4 and differentiation markers, we next investigated whether Nox4 is required for differentiation marker gene expression. We downregulated Nox4 using siRNA (siNox4) and antisense adenovirus (AdASNox4) (supplemental Figures II to IV) , and analyzed the expression of differentiation markers. First, we showed that both constructs decreased Nox4 expression (supplemental Figures II and III) . Electron spin resonance measurement of NADPH oxidase activity in serum-deprived VSMCs showed a significant decrease of ROS in both siNox4 and AdASNox4 cells, compared with control cells (supplemental Figures II and III) . A second siRNA sequence against Nox4 gave similar results (data not shown). This confirms that the siNox4 and AdASNox4 are functional, and that indeed, Nox4 is responsible for baseline ROS production in these cells, as previously shown. 11 siNox4 decreased SM-MHC, SM ␣-actin, and calponin mRNA and protein ( Figure 5 ), whereas the expression of ␤-actin (the nonmuscle isoform) was unchanged, suggesting that Nox4 is required for the expression of differentiation markers, but not structural proteins in general. Similar results were obtained with AdASNox4 (supplemental Figure IV) . Conversely, overexpression of GFP-tagged Nox4 increased expression of SM ␣-actin (supplemental Figure V) . In contrast, downregulation of Nox1 with an adenovirus expressing antisense Nox1 (AdASNox1), which we have previously shown to decrease Nox1 protein expression and activity, 9 did not reduce the expression of SM ␣-actin or calponin (supple-mental Figure VI) . These data support a specific requirement of a Nox4-based oxidase for differentiation marker expression in VSMCs.
Nox4 Is Required for the Maintenance of the SM ␣-Actin-Based Stress Fibers
As VSMCs dedifferentiate, they gradually lose their contractile-type stress fibers (ie, SM ␣-actin), and nonmuscle type isoforms (ie, ␤-actin) constitute the majority of the remaining stress fibers. 22 To investigate whether SM ␣-actinbased stress fibers require the presence of Nox4, we transfected early passage VSMC (in which these fibers are prominent) with siNox4 and examined SM ␣-actin and F-actin stress fiber distribution using immunofluorescent cytochemistry. F-actin identifies the total filamentous actin fibers in cells, including both ␣-actin and ␤-actin. As shown in supplemental Figure VII, siNox4 induces a dramatic decrease in intensity and distribution of SM ␣-actin along fibers, whereas the F-actin staining reveals that the remaining stress fibers (presumably those containing ␤-actin) are not affected by siNox4. These findings suggest that Nox4 may be specifically required for the maintenance of the contractiletype stress fibers in VSMCs.
Mechanism of Nox4-Mediated Regulation of Differentiation Gene Expression
Because siNox4 reduces differentiation marker mRNA expression, Nox4 may control this subset of genes by regulating a common transcription factor. Smooth muscle specific differentiation marker genes are uniformly regulated by the binding of serum response factor (SRF) to 1 or more CArG boxes in their promoters. SRF expression is thus an absolute prerequisite for SMC-CArG-dependent gene expression. 23 To determine whether Nox4 regulates SRF expression, we analyzed SRF levels after treatment of cells with siNox4. As shown in Figure 6 , suppression of Nox4 resulted in a clear reduction in SRF expression, suggesting that this is one mechanism by which Nox4 regulates expression of differentiation marker genes. 
Discussion
ROS mediate multiple cellular functions, including proliferation, apoptosis, migration, and differentiation. Exactly how these molecules regulate such diverse functions is an active area of investigation. While Nox1 is localized in caveolae, Nox4 is found in focal adhesions and the nucleus in actively growing cells, suggesting that they mediate distinct functions. 15 We previously showed that Nox1 mediates seruminduced proliferation and angiotensin II-stimulated hypertrophy in VSMCs. 8, 9 The data presented here suggest that in contrast to Nox1, Nox4 sustains VSMC differentiation, indicating that the source and location of ROS production is of paramount importance in dictating the cellular response.
Regulated cell differentiation is critical to embryogenesis and wound healing in the adult. Previous work established a relationship between ROS and differentiation in both situations. Studies in embryoid bodies showed that in the early stages of cardiac cell differentiation, ROS inhibit MEF2C and block expression of cardiac-specific genes, whereas in the later stages, they facilitate differentiation via the phosphoinositide-3 kinase (PI-3K) pathway. 24 ROS also mediate skeletal muscle differentiation. Depletion of Nox2 in skeletal myoblasts prevents induction of the differentiated phenotype and decreases expression of myosin heavy chain and myogenin. 25 In VSMCs, catalase and N-acetylcysteine block the induction of calponin, SM ␣-actin and myosin heavy chain in response to serum withdrawal, 4 suggesting that H 2 O 2 mediates differentiation in these cells. However, the endogenous source of ROS was not identified. The current data suggest that Nox4-derived ROS are required for differentiation marker gene expression in VSMCs. Depletion of Nox4 downregulates calponin, SM-MHC, and SM ␣-actin mRNA and protein without affecting expression of unrelated proteins, and overexpression of Nox4 induces SM ␣-actin expression. Of interest, inhibition of Nox1 did not decrease these genes, indicating that Nox4-derived ROS specifically mediates differentiation marker gene expression in these cells. Although we cannot fully exclude the possibility that Nox4 could function in the nucleus in a ROS-independent fashion, we believe this is unlikely given the previous data showing that H 2 O 2 mediates differentiation in VSMCs. 4 These findings highlight the importance of identifying the specific source of ROS involved in particular cellular functions.
VSMCs have a unique characteristic known as phenotype plasticity; that is, not only can they switch from a fully differentiated state (media of blood vessels) to a proliferative state (early stage of neointima formation) but also they may return to the differentiated state (late stage of neointima formation) once they are exposed to the appropriate environmental conditions. 1 In this study, we used 2 different models to assess the relationship between Nox4 and SMC differentiation. The first system was an in vivo re-differentiation of intimal SMCs after balloon injury of rat carotid artery. We previously noted that Nox4 mRNA and protein expression increased only at the late stages of the response to injury when differentiation markers were re-expressed. 12 This was confirmed in the present study, in which we found that Nox4 protein expression in the neointima began to appear at 7 days, and preceded the reappearance of SM-MHC (Figure 1 ), suggesting that Nox4 may be involved in the differentiation process. The second model used in this study was dedifferentiation of primary VSMCs in culture. Even though early passage cells do not represent fully differentiated VSMCs, they retain abundant expression of contractile proteins compared with late passage cells, as shown in Figures 2  and 4 . Of importance, primary VSMCs co-expressed Nox4 and contractile markers in a myofibrillar pattern, which is specific for the differentiated phenotype (Figure 4 ). This myofibrillar pattern of contractile proteins was lost when Nox4 was deleted, suggesting that Nox4 is required for the expression of fully differentiated phenotype (supplemental Figure VII) . The change in localization of Nox4 from stress fibers in differentiated cells to focal adhesions in proliferating cells underlines the importance of signaling compartmentalization and its correlation with function. It suggests that not only is the source of ROS critical (that is, Nox1 versus Nox4), but also that the localized production of ROS within the cells dictates the ultimate function. For example, the stress fiberassociated Nox4 emerges as a positive regulator of differentiation, whereas the focal adhesion-located Nox4 is associated with a proliferative phenotype. However, the loss of Nox4 and of differentiation markers is reproduced spontaneously with passage in cultured SMCs. Even in the most proliferative SMC phenotype, where only SM ␣-actin and calponin are present, deletion of Nox4 potently diminishes their expression ( Figure 5 ). Taken together, our data from these 2 models strongly support an important role for Nox4 in the early induction of differentiation (in vivo model), and in the maintenance of the fully differentiated phenotype (in vitro model) ( Figure 5 and supplemental Figure VII) .
Additional data concerning the correlation between Nox4 and differentiation comes from several studies. In human coronary arteries, Nox4 expression correlates with SM ␣-actin. 13 In osteoclasts, overexpression of Nox4 upregulates osteoclast markers, whereas antisense treatment reduces their expression. 26 More relevant to the current study, Spin et al 27 showed by microarray analysis of differentiating VSMCs that Nox4 is upregulated early in the differentiation process, and remains elevated throughout. Of interest, the increase in Nox4 precedes significant upregulation of many of the differentiation markers. Moreover, Sturrock et al 28 showed that Nox4, ROS, and SM ␣-actin decrease with passage, and that TGF-␤-induced expression of differentiation marker genes is ROS-sensitive. However, in their study, 24-hour treatment with siNox4 did not block TGF-␤ induction of these genes. In our experience, 6 to 7 days of siRNA treatment are required to downregulate Nox4 protein, which may explain these disparate results. In support of this interpretation, long-term treatment with siNox4 abrogates the upregulation of SM ␣-actin during TGF-␤-induced conversion of cardiac fibroblasts to myofibroblasts. 14 Similar to these results, our data clearly show that Nox4 is required for SM ␣-actin, SM-MHC and calponin expression.
A number of physiological and pathophysiologic roles for Nox4 have been proposed. Nox4 was originally described as a pro-senescent, anti-proliferative factor in NIH3T3 cells. 29, 30 Subsequently, Nox4 was proposed to mediate insulin signaling by inhibiting the tyrosine phosphatase PTB1B. 31 In mouse aortic VSMCs, Nox4 was shown to be responsible for basal superoxide production, but its physiological role was not investigated. 11 A recent study on urokinase plasminogen activator-induced VSMC growth found that both Nox1 and Nox4 are necessary for a full proliferative response. 32 As summarized, Nox4 is clearly important in differentiation of multiple cell types, 4,24 -26 but how Nox4 mediates such diverse functions remains unclear. It is possible that the function of Nox4 is dictated by a specific combination of cofactors and environmental stimuli that temporally coexist. Alternatively, Nox4 may regulate metabolic pathways that are necessary for many cellular functions. Finally, the intracellular localization of Nox4 may influence its downstream targets. When Nox4 is localized in the nucleus, 15, 33 it may regulate gene expression, whereas Nox4 association with stress fibers may influence contractility or cytoskeletal rearrangement. One mechanism by which Nox4 regulates gene expression appears to be through modulation of SRF levels ( Figure 6 ). Further studies are required to elucidate the molecular mechanisms by which Nox4 controls specific cell functions.
